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PARAMETRIC STUDY OF LARGE NUCLEAR SURFACE
"EFFECTS MACHINES
by Albert F. Kascak

Lewis Research Center

SUMMARY

This report presentsi, some performance estimates of a high— speed peripheral-jet
nuclear powered surface effects machine, Conclusions reached differ from previous
studies in the literature because the new model uses a recently proposed nuclear air-
plane reactor concept. This high-temperature reactor reduces shield weight and elimi-
nates a heavy preheater previously required to obtain good thermodynamic efficiency.
Payload fraction and reactor power are presented for various gross weights as a function
of forward velocity and clearance height.

The parameters were varied over the following ranges: gross weight from 1000 to -
5000 tons (9. 07x10° to 45. 6x10° kg); forward velocity from 0 to 250 knots (0 to 129
m/sec); and obstacle clearing height from 10 to 50 feet (3.05 to 15.2 m). For these
ranges, the payload varied from 0 to about 60 percent of the gross weight. The total
reactor power varied from 400 to 10 000 megawatts. The study indicates that a 3000-ton
(217. 2x10°- kg) nuclear surface effects machine could travel at speeds.up to 250 knots
(129 m/sec) at a 10-foot (3.05-m) clearance he1ght or as high as 50 feet (15.2 m) at re-
duced forward velocity.

In conclusion, a nuclear powered surface effects machine appears to-be feasible for
weights of 1000 to 5000 tons (9. 07x10° to 45.6x10° kg) with payloads as high as 30 to 60
percent of the gross weight. Although reasonable performance potential has been shown
by this study, some important problems have not beén considered. Aerodynamic sta-
bility and maneuverability remain to be investigated.

INTRODUCTION

A nuclear surface effects machine is not a new eoncept. It"we's looked at in great de-
tail in reference 1 where the authors used several General Electric Company 630-A gas



cooled reactors. Reference 1 concluded that the nuclear powered surface effects ma-
chines would have a small payload. It is the object of this study to update this analysis to
include a nuclear airplane reactor concept that is proposed in reference 2. This analysis
differs from reference 1 in that it uses this high-temperature reactor, thus reducing
shielding weights and eliminating a need for a heavy preheater to obtain a good thermo-
dynamic efficiency. This analysis uses a model of a high-speed peripheral-jet surface
effects machine. The analysis includes a structural weight correlation given in refer-
ence 1, and a reactor-plus-shield weight correlation given in reference 2. The total
power required (and therefore the powerplant weight) was determined by calculating the
total vehicle drag and lift power.

Payload fraction and reactor power are calculated as a function of gross weight, for-
ward velocity, and clearance height. These parameters were varied over the following
ranges: gross weight from 1000 to 5000 tons (9.07><105 to 45, 6><1()5 kg); forward velocity
from 0 to 250 knots (0 to 129 m/sec); and an obstacle clearing height from 10 to 50 feet
(3.05 to 15.2 m).

SYMBOLS
A area, ft2; m?
C cushion length, ft; m
Cp drag coefficient, D/SCqA
Cj jet reaction coefficient
Cy, lift coefficient, 1ift/SCqy,
CP specific heat at constant pressure
D drag, lb; kg
De cushion discharge coefficient, Q / CH ‘/ 2gAP/p A
EC cushion discharge coefficient when X ~ «
Dp com Pressure difference across compressor
F]. jet reaction force
FR Froude number, VVg / (gC)
FR12 constant used in curve fit
g acceleration due to gravity
H height of jet



m constant used in curve fit

P, ambient pressure, o/ft%; N/m?
P, pressure in nozzle above ambient, llo/f’c2 ; N/ m?
Q air volume flow rate, ft3/sec; m3/sec

q air dynamic head, p v2 (2g), 1b/ft2; N/m2
A Ao

S cushion beam, ft; m
t nozzle thickness, ft; m
v, craft velocity, ft/sec; m/sec

VT exit velocity of thrust jet

w weight, 1b; kg

X nondimensional jet thickness, (t/h) (1 + sin 6)
AP pressure difference across jet, 1b/ft2; N/ m?2
AP,  base pressure, lb/ftz; N/m2

AT temperature rise of jet, Of s K

n efficiency

Mo constant used in curve fit

Pa density of air

Py density of water

6 jet angle
Subscripts:

1 front jet
2 rear jet
3 side jet
T thrust jet

TH thermal

ANALYSIS

A conceptual layout of a nuclear powered surface effects machine is shown in fig-
ure 1. The plan view of the machine shows the machine as a square platform. The
pressure below this platiorm, the base pressure, is above ambient. Thus, the pressure
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Figure 1. - Conceptual design of nuclear powered surface effect machine,

difference between the bottom and the top of the platform results in a lift. To maintain
the base pressure above ambient, a jet of air is directed downward below the platform
and inward toward the center of the platform. This jet of air completely surrounds the
periphery of the machine. Lift is produced by a pressure difference between the bottom
and top surfaces of the platform rather than through the thrust produced by the peripheral
jet. The air jet prevents the loss of the higher pressure base air from escaping to the
outside. -

An analysis of a stationary surface effects machine is given in reference 3. The ob-
ject of the present analysis is to modify the stationary analysis of reference 3 to be appli-
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cable to a moving, nuclear powered surface effects machine. The method by which this
is done is shown in figure 1 (side view).

The surface effects machine operates in two distinct aerodynamic modes. The for-

" ward velocity of the craft can be either less than or greater than a critical velocity which
is just enough to '""blow'' the air cushion out from under the craft. This physical phenom-
enon is known as '"cushion breakdown. ! It occurs when the dynamic pressure of the in-
coming air is approximately equal to the base pressure minus the ambient pressure.

This study includes both regimes of operation.

The actual pressure distribution around the base of the craft is a function of the
specific design of the craft; and therefore, is out of the scope of this report. A simpli-
fied model of the pressure distribution around the base of the craft was assumed which
considered a constant, but different average pressure at the front, sides, and rear of the
craft. The values of these average preséures were chosen so that they approximated the
pressure distribution around a rectangular solid (which simulated the rectangular air
cushion under the craft).

At velocities for which cushion breakdown does not occur, there are three distinct
jets at the front, rear, and sides of the craft. Each of these jets must maintain a differ-
ent pressure difference between the base platform region and the regions exterior to the
craft. The region exterior to the front of the craft is assumed to be at ambient pressure
plus the dynamic pressure. In other words, the incoming air is stagnated at the front of
the craft. At the rear of the craft, a wake is produced; therefore, the region exterior to
the rear of the craft is assumed to be at ambient pressure minus some fraction of the dy-
namic pressure. This fraction W is a complicated function of the geometry and the
Reynolds number. In this analysis, w Wwas assumed to be 0.5, which is a representa-
tive value for flow around a flat plate. The region exterior to the sides of the craft was
assumed to be at ambient pressure.

At velocities high enough to cause cushion breakdown, the front jet is turned off.

The side jets are then used to *'guide'* the flow, and the rear jet is used to control the
amount of flow under the craft. There is no total pressure difference between the base
platform region and the region exterior to the front of the craft. Incoming air slows
under the craft, increasing the static pressure to the required base pressure. The rear
jet acts to produce a ""blown nozzle, ' with the nozzle walls being formed by the rear jet
and the ground. The nozzle constricts the flow, causing the flow to slow under the craft.
The pressure exterior to the rear and to the sides of the craft is the same as in the oper-
ating mode existing before cushion breakdown, but at a higher dynamic pressure. -

Figure 2 shows some of the fundamental parameters of a stationary surfaces effects
machine, Reference 3 gives the following relations between these parameters:

XE£(1‘+sin 6) (1)
H
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where

Co=—_1t .1 (4b)

j _
1. 2X 2X

Appiying these stationary results (egs. (1) to (4)) to the dynamic model leads to the fol-
lowing sets of equations. Consider the front jet (subscript 1) operating at speeds below
cushion breakdown: ’

X1H

t1 = (5a)

1 + sin 91
1 (5¢)
P..= +q ¢

1-e
2g AP1
Q, = D.(X,)sH (5d)
1 c*'1
ba

Fjl = Cj(Xl)Stl AP (5e)

For speeds above cushion breakdown, the front jet is turned off:

ty =0 (6a)
AP 1= 0 (6b)
P4 = Not defined (6¢c)
Ql =0 (6d)
Fjl =0 (6e)

Consider the rear jet (subscript 2) operating at speeds below cushion breakdown:



XzH

to=—2<% Ta
2 1 + sin 92 (7a)
AP,
P77 x\ Wi (Te)
-2X2
1-e
2g APZ

Q, = D (X,)SH (7d)

2 c¥2

Pa

For speeds above cushion breakdown, the rear jet acts as the top surface of a blown
nozzle. The height of the rear jet is less than the clearance height of the craft and can
be calculated from Bernoulli's Law:

d, - AP
(1 + ny)dp

If H2 is substituted in place of H, the preceding equations describe the condition after
cushion breakdown. ,
The side jets (subscript 3) can be considered the same as in the stationary analysis
of reference 3. Therefore, they are described by equations (1) to (4).
To propel the craft forward, a thrust jet (subscript T) is included in the configura-
tion shown in figure 1. The analysis of this jet follows directly from mass and momen-
tum conservation:

VT=—2—9 1+ 1+A2D (82)
T
2
PAVT
Pom= 8c
L (8¢c)



To drive these four jets (front, rear, side, and thrust), incoming air is compressed
to a value above the jet total pressure. It is assumed that a fraction of the incoming dy-
namic pressure Nramda €20 be converted to ram pressure, and if a duct loss is as-
sumed to be some fraction of the jet total pressure, the compressor pressure difference
is

DP = i = Namd (9)
com ram A
Nquet

The power necessary to drive the compressor is

Q xDPcom

Power = (10)

ncom

when Meom is the efficiency of the compressor. I the engine that is driving this com-
pressor has a thermal efficiency of TH? then the rate of heat transferred to the jet is

) 1- nTH)Power (1)

9
NTH

and the temperature rise of the air jetis AT = qj/ CPp AQ. The total reactor power is
the sum of the individual powers divided by the thermal efficiency:

Power1 +P0Wer2 +Power3 +1}?owerT

Reactor power = (12)

TtH
The forces on the craft can be categorized in two classics - those producing lift and
those producing drag. The lift forces on the craft are as follows: aerodynamic lift; the
jet reaction force from the front, rear, and side jets; and the lift due to the increased

base pressure. These lift forces must be equal to the gross weight of the craft:

+ (APb + CLqA)SC (13)

For a given aspect ratio, equation (13) can be solved for the length of the craft.



There are four drag forces on the craft: aerodynamic drag, jet reaction drag from
an unbalance of the front and rear jet reaction forces, wave drag, and a momentum drag.
The aerodynamic drag is given by

Daero = CDsch (14‘.3)
The jet drag is given by

D.

Reference 4 gives a method for calculating the wave drag of a rectangular craft moving
over water in terms of the Froude Number:

2
A%
Fr = -2
gC
m 2
4AP;: S
Fr b
Dyave 4 M12 Fr (14c)
12 Py
For an aspect ratio of 1, the following curve-fitting constants gave the best results.
N9 = 0.815
Fryg= 0.59
For Fr < Frlz,
m= 1,45
and for Fr > Fr12,
m=-1,82
The momentum drag is the result of stagnating air under the craft and is given by
Pa 4
D nom = ?(Ql +Qy +Qy)V, (14d)
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The payload is the weight of the disposable load, that is, the gross weight minus the
weight of the structure, the weight of the powerplant, and the weight of the reactor shield.
The weight of the structure was given in reference 1 as

_ -0.481
Wstruct =2.36 Wgross APb (152)

The weight of the powerplant was assumed to be 2 pounds per shaft horsepower (1.22
g/W). The weight of the shield was given in reference 2 as

W _pie1q = 220 000 (1b) 4/Totel reactor power (MW)
300 (MW)

4 Total reactor power (MW)
W .. . = 0.066x10* (kg)
shield ‘[ 300 (MW)

These equations along with the following assumed quantities allow solution for the
payload and total reactor power as a function of forward velocity, obstacle clearing
height, and gross weight:

Thermal efficiency. . . . . . . . . . 0 . o e e e e e e e e e e e e e e e 0.20
Compressor efficiency. . . . . . . . . . . . L e e e e e e e e e e e e e e e s 0.85
Ram recovery efficiency. . . . . . ... .. .. ... e e e e e e e e e e e . 0.90
Duct efficiency. . . . . . . . i i i e e e e e e e e e e e e e e e e e e e e e e 0.90
Lift coefficient. . . . . . . . . . L L . e e e e e e e e e e e e e e e e e e e s 0.01
Drag coefficient ., . . . . . . . . . L e e e e e e e e e e e e e e e 0.01
Aspect ratio . . . . . . L . e e e e e e e e e e e e e e e e e e e e e e e 1.00
Thrust area to platform area ratio . . . . . . . . . ¢« v v . i i v v i e e e e e 0.03

RESULTS AND DISCUSSION

The objective of this study was to determine the payload fraction and the reactor
power required to fly a specified gross weight surface effects machine over a given height
obstacle at a given forward velocity. The parameters were varied over the following
ranges: gross weight from 1000 to 5000 tons (9. 07x10° to 45. 6x10° kg); forward velocity
from 0 to 250 knots (0 to 129 m/sec); and an obstacle clearing height from 10 to 50 feet
(3.05 to 15.2 m).

Besides these three primary parameters, there are three secondary variables in the

11



analysis: jet angle, jet thiékness, and base pressure. Before the three primary varia-
bles can be examined in detail, these secondary parameters must be fixed in some man-
ner. Reference 3 showed that as the jet angle was increased from 0° to 900, the hover
power continually decreased; but at the same time jet mixing increased. The theory of
reference 3 is not valid for large amounts of jet mixing; therefore, a compromise jet
angle of 60° was chosen for this study.

Reference 3 showed that a nondimensional jet thickness X equal to 0.7 minimized
the hover power, as the result of a compromise between the increased pressure neces~
sary to maintain the jet and the jet reduction of the discharge coefficient, In the dynamic
case, two other factors must be considered: the momentum drag and jet drag. Figure 3
shows the optimum nondimensional jet thickness for the front, rear, and side jets
against velocity of the craft for a typical thrust efficiency of 0.5. It can be seen that the
front nozzle requires a very large jet thickness. The front nozzle thickness was arbi-
trarily limited to X equal to 0.7. The rear and side nozzle thickness generally de-
creased with increasing velocity.

Optimum nondimensional jet thickness

0 50 100 150 200 250
Velocity of craft, knots

L ] I 1 ] N
0 25 50 5 100 125
Velocity of craft, m/sec

Figure 3. - Optimum nondimensional jet thickness. Thrust efficiency, 0.5.
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The last of the secondary parameters is the cushion base pressure. Figure 4 shows
the payload against base pressure for a typical nuclear powered surface effects machine.
Tt can be seen that the payload has a maximum at about 75 pounds per square foot (3. 585
><103 N/ m2). This is the result of a compromise between structural weight and power-
plant weight. For the rest of the calculations, the base pressure was assumed to be
75 pounds per square foot (3. 585x10° N/mz).

With the secondary parameters specified, the three primary variables can be ex-
amined in detail. This was done in the calculations by varying one parameter and holding
the other two parameters constant., The numerical value of the parameters held fixed
was chosen so as to represent typical results.

Figure 5 shows the variation of the payload and total reactor power against obstacle
clearing height for a gross weight of 3000 tons (27. 2><105 kg) and a forward velocity of
50 knots (129 m/sec). Figure 5(a) shows that as the height increases from 10 to 50 feet
(3.05 to 15.2 m), the payload drops from about 60 to about 10 percent of the gross
weight. Figure 5(b) shows that as the height increases from 10 to 50 feet (3. 05 to
15.2 m), the total reactor power increases from about 1000 to about 5000 megawatts.

Figure 6 shows the variation of the payload and total reactor power against forward
velocity for gross weight of 3000 tons (27. 2><105 kg) and an obstacle clearing height of
10 feet (3.05 m). Figure 6(a) shows that as the velocity increases from 0 to 250 knots
(0 to 129 m/sec), the payload decreases from 60 to 30 percent of the gross weight, At

13
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150 knots (77.2 m/sec) the payload is about 45 percent of the gross weight. Figure 6(b)
shows that as the velocity increases from 0 to 250 knots (0 to 129 m/sec), the total reac-
tor power increases from about 750 to 3000 megawatts. The sharpest increase takes
place above 200 knots (103 m/sec). At 150 knots (77. 2 m/sec) the power is about 2000

Figure 7 shows the variations weight breakdowns and total reactor power against
gross weight for a forward velocity of 150 knots (77.2 m/sec) and an obstacle clearing
height of 10 feet (3. 05 m). Figure 7(a) shows that as the gross weight increases.from
1000 to 5000 tons (9. 07x10° to 45. 6x10° kg), the payload increases from 20 to about 50
percent of the gross weight. At a gross weight of 3000 tons (27. 2><105kg), the reactor
shield weighed 285 tons (2.56x10° kg), the structure weighed 875 tons (7. 94x10 kg), the
powerplant weighed 540 tons (4. 9O><105 kg), and the remaining payload was 1310 tons
(11. 9x10° kg). Figure 7(b) shows that as the gross weight increased from 1000 to 5000
tons (90. '7><105 to 45. 6><105 kg), the total reactor power increased from about 1100 to
2600 megawatts. At a gross weight of 3000 tons (27. 2><105 kg), the total reactor power
was about 2000 megawatts

Many variables were calculated besides the ones d1scussed Table I (p. 19) gives the
detailed results of the calculations. This table presents the various pressures, flow
rates, shaft horsepowers, drags, etc. For the range of parameters given, the payload
varied from 0 to about 60 percent of the gross weight and the total reactor power varied
from 400 to about 10 000 megawatts. 1

CONCLUSIONS

The objective of this study was to present some performance characteristics of a
high velocity, nuclear powered surface effects machine. Payload fraction and reactor
power were calculated as a function of gross weight, forward velocity, and clearance
height., These parameters were varied over the following ranges: gross weight from
1000 to 5000 tons (9. 07><105 to 45. 6><105 kg); forward velocity from 0 to 250 knots (0 to
129 m/sec); and an obstacle clearing height from 10 to 50 feet (3. 05 to 15.2 m).

For the range of parameters given, the payload varied from 0 to about 60 percent of
the gross weight. The total reactor power varied from 400 to 10 000 megawatts. A
3000-ton (217. 2><105-—kg) nuclear surface effects machine could travel at speeds up to
250 knots (129 m/sec) at a 10-foot (3. 05-m) clearance height, or as high as a 50-foot
(15.2-m) clearance height at a reduced velocity.

A nuclear powered surface effects machine appears feasible for gross weights be-
tween 1000 and 5000 tons (9. 07><105 and 45. 6><1O5 kg). Payloads as high as 30 o 60 per-
cent of the gross weight appear possible. Vehicle forward velocities up to 250 knots

17



(129 m/sec), and obstacle clearing heights of 50 feet (15.2 m) do not require excessive
reactor powers. In short, the indicated performance characteristics are attractive.
Obviously, some important problems remain to be investigated such as aerodynamic sta-
bility and vehicle maneuverability.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 7, 1969,
122-28.
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